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Improving RF Characteristics of MEMS Capacitive Shunt Switches 
Vasser Mafinejad', Khalil Mafinezhad2, Abbas Z. Kouzani' 
Abstract - 7Ms paper presents a new RF ,HEAlS electrostatic switch with low actuation voltage. 
Usually, electrostatic switches with low pull-down voltage have Jarge lip-state capacitance 
deteriorating their RF characteristics. 711€ proposed .n~litch el?ioys good RF characteristics for a 
frequency band of larger than one octave, and a low (Jell/af/on voltage 0/9 va/Is. Low actuation 
voltage could be achieved by decreasing Ihe gap OJ' increasing the area of the beam. In both 
cases, the up-state capacitance enlarges deferiorating the RF characteristics, fn this work, 
regardless of the value of Cu. the height of the gap is chosen by considerj,lg the reliability and life 
cycle of the ,\wilch. Then, (he area is calculated for the chosen gap and (he desired actualion 
voltage, The swirch is a rr circuit consisting of two shunt ~wi{ches and a short transmission line in 
between {hem. The key aspect of this design is the optimization a/the length and the characteristic 
impedance of the line to suit fabrication constraints and d£:Jsired frequency band. The switch is 
simulated and its I?F characterislics evaluated. An excellent improvement of the RF 
characteristics a/the up-slate position is observed. For the down-state position, a superb iso/afion 
is observed. Copyright © 2009 Praise Worthy Prize S.r.!. ~ All rights reserved. 
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1. Introduction 
Commercial wireless communications, military 
applications of RF, satellite communications, and 
millimeter wave circuits and systems have enjoyed an 
explosive growth in the last two decades. RF switches 
arc considered to be one of the major building blocks of 
these systems. They are used fol' antenna pattern 
switching, signal routing, tuning filtering, phase shifting, 
and many other applications. 
One of the crucial design issues associated with RF 
systems is their limited frequency band. The RF switches 
can be used to optimize the allocated frequency band by 
facilitating frequency and time division multiplexing. In 
addition, in advanced mobile communication systems, 
there exists a great demand for RF switches with lower 
actuation voltages and higher RF perfomlances. Earlier 
switches such as coaxla! cables (heavy and expensive but 
good RF performances), or semiconductor (noisy and 
nonlinear but light and cheap) do not provide all 
capabilities required by advanced communication 
systems. Semiconductor switches refer to PIN diode and 
FET switches, and mechanical switches arc recognized 
by coaxial cable types. Micro electromechanical systems 
(MEMS) provide the benefits of both coaxial cable and 
semiconductor switches, can be fabricated with standard 
integrated circuit (Ie) technology, and offer the 
advantages of mass production with excellent uniformity 
in device characterization over the whole wafer. RF 
MEMS switches provide superior RF characteristics as 
compared to other kind of switches. 
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In spite of all advantages that RF MEMS switches 
provide, there exist still some drawbacks that researcher 
and fabrication companies are trying to address. 
Dielectric charging [1]-[4J, residual stress in membrane 
[5J-[6], packaging. reliability. and life cycle [7J.[9J, and 
high actuation voltage are among the drawbacks of the 
RF MEMS switches, The actuation voltage is very 
decisive for the commercial wireless applications. There 
exist great challenges to lower the actuation voltage 
using different methods including electromagnetic and 
thermal achlation [1 OJ-[ 12], piezoelectric actuation (13)-
[15J, lowering the spring constant and height gap [16J-
[18J, and specific dcsigns [19]·[21J. 
This papcr is organized as follows. Section 2 gives a 
review of the recent activities on different technologies 
for lowering the actuation voltage of RF MEMS 
switches, Section 3 presents the design and simulation of 
the proposed RF MEMS switch. The calculated Rr 
characteristics prcsented and compared against those of a 
typical switch. Finally, conclusion remarks are given in 
Section 4. 
II. Modern Methods for Lowering 
Actuation Voltage of RF MEMS 
Switches 
Several different methods have been used to improve 
the specification of RF MEMS switches with primary 
fOG us on lowering their actuation voltage. Nordquist et al 
J I I J IIscd thermal actuation to lower the actuation 
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voltage of a RF MEMS switch. Fig. I shows their 
developed latching thermal actuated RF MEMS switch. 
An actuation voltage of less than 5 V was achieved. The 
RF parameters of the switch were excellent at 2 GHz 
with high power handling of 4 W. However, the design 
suffers from the need for the high current of 35 mA for 
actuating the switch. 
Fig. t. Thermal actuated RF MEMS switch [1 J 1 
A number of researchers [13H15J havc used the 
piezoelectric actuation to achieve an extremely low 
actuation voltage (e.g., 2.5 V). Fig. 2 shows a 
piezoelectric actuated RF MEMS switch with very low 
actuation voltage of 2.5 V and good RF performance 
until 20 GHz by Lee et al [14]. The dr.a\vback of the 
piezoelectric actuation technology is that the access 
frequency band is narrow and also a complicated 
fabrication process is needed. In addition, due to their 
large switching time, the piezoelectric switches cannot be 
used in high-speed switching systems. 
Fig 2. Piczociectric actuated RFM!:MS (I,ll 
Lowering the spring constant is another interesting 
way to decrease the actuation voltage. Decreasing the 
spring constant docs not have any significant affect on 
the RF characteristics of the switch but reduces the pul1-
down voltage by .fk as follows r 181: 
(I) 
where K is the spring constant, g is the height of the 
gap between membrane and transmission line, IF, and IV) 
arc dimeilsions of membrane. g has the most affect on 
the actuation voltage of the membrane. Dai et al [17J 
could achieve an actuation voltage of 17.5 V by 
connecting fOllr springs to the four corners of the 
membrane as shown in Fig. 3. 
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Fig. 3. Four springs arc cOIHl<:r!l'd !ll the Illlll rOfllcrs 
of the Illcmbrmw I! 1J 
Diminishing the spring constant is OIW or Ihe easiest 
ways to lower the actuation voltage hut the ii.)ltowing 
points need to be considered. Firstly, th~ switching lime 
increases with lowering the spring constant Illaking the 
switch suitable only for low speed applications. 
Secondly, the dependency of the spring constall\ to the 
thickness and the dimension of the IllCmbranl: irnpm:t~; 
longevity of the switch as follows: 
k ~ EII/(f)' 
where E'; is Young's modulus, w, /, and { are width, 
longitude, and thickness of the membrane respectively. 
Diminishing any of these parameters lowers the spring 
constant but with the price of shOliening the life cycle or 
the switch. 
Changing the pull up mechanism from vertical driven 
to lateral driven [20J is effective in lowering the pull-up 
voltage but it increases the switching time. 
A three state position membrane which was reported 
by Touati et al [19] is another interesting method for 
lowering the actuation voltage (3.5 V). However, 
because the membrane is always under stress and the gap 
is also short in this approach, the life cycle and reliability 
are reduced. 
Using a T match circuit by inscrting two short high 
impedance transmission lines at the input and output of 
the switch by Mafincjad et al [21 J reduced the actuation 
voltage. They designed the electrostatic switch for a very 
large frequency band, and the switch had good RF 
characteristics from 27-46 GI [z with actuation voltage of 
20 V. For matching the switch with the standard 50 .n 
source and load, two short high impedance transmission 
lines were used. This design however suffers from the 
need to two pieces of long transmission lines at the input 
and output. 
III. Proposed Switch 
In this work, the major objective is to design an 
electrostatic shunt capacitance coupling s\vitch with the 
acceptable RF performance and low actuation voltage for 
the frequency band of 20-40 Gl-Jz. In the Jast reported 
design by the same authors [2IJ, two transmission lines 
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have been inserted at the input and output of the switch. 
The frequency band was limited because of the long 
length of the switch, the scnsitivity of the transmission 
line, and the phase delay to fi'cquency variation. In this 
\vork, on the other hand, we design a"J[ matching circuit 
containing two RF switches and a piece of a short high 
impedance transmission line (SHITL) ill betwcen them 
as illustrated in Figs, 4, 
(b) 
Figs. 4. Proposed switch. (<I) Schematic. (b) Equknlcnt 
electrical circuit 
As can be seen in the figures, {VolO switches are placed 
in the line of the RF signal resulting in a high isolation in 
off-state position. This high isolation however might be 
paid by an increasc in the insertion loss especially for 
DC contact switches. In this work, the switch is 
capacitance coupling and therefore docs not have a 
significant loss. 
Ill. I. Calculation (?fthe Length and CharaCferistic 
Impedance (?frhe S'IlITL 
Our aim is to design the switch with an actuation 
voltage of 9 V for a frequency band of 20-40 OHz. 
lIenee calculation is carried Ollt for the middle frequency 
of 30 GI fz. Considering the life cycle and low actuation 
voltage requirement, the flexure membrane l J 8J is 
chosen and the height gap fixed at 2 ~m regarding the 
life cycle. Pu][~down voltage is chosen as 9 V to be 
applicable in commercial communication systems, Tile 
area and the up-statc capacitance of the membrane are 
calculated using Equations (1) and (3): 
(3) 
where k=1.2-1.4 is the constant for fringing capacitance, 
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A is the area of membrane, g is the gap, and td is 
dielectric thickness. Therefore, A 13954 ~un2 and 
Cu' 6 J .75 fV. For a s\\'itch with the characteristic 
impedance of 50 n, the length of the membrane is 
chosen to be 120 pm, This leads to a ShOl1 circuit in 
down-state position. Therefore the width of the 
membrane is calculated as 1V;= 1 I 6.3 ~Ull. 
The input impedance in the case of an ideal matching 
is equal to the characteristic impedance (50 !2) (see Fig. 
4(b)), The equivalent circuits of the two switches arc 
identical. Since the switches arc coupling capacitance 
switches, their resistances are negligible and therefore 
not considered in design calculations. Regarding the 
length of the contact, the equivalent inductances of 
switches arc not significant and could be ignored in 
calculations. The required inductance for matching the 
switch can be calculated as follows: 
(4) 
(5) 
where (1)0.:..:30 Gf lz. Therefore, L·"O.23 nH. 
Then the equivalent high impedance short 
transmission linc can be obtained by solving the wave 
equation as follows: 
iJ~)( 
tan(/Ji) ~ -,-' 
;(j, 
(6 ) 
where L;, is the impedance, I is the length, and L is the 
equivalent inductance of the SHITL. 
For small values of {JI, the length of the shOJ1 
transmission line could be calculated by 
(7) 
where vO;c;3x lOs m/s is the speed of the light in free 
space, and Ccff is dielectric constant of the substrate. 
Equation (6) shows the value of J:h which makes /31 
ncar to (2k+ /)1(/2. For integer valuc of k, the input 
impedance of the switch is very sensitive to frequency 
variation, and the frequency band is very small. For the 
value of {JI''''(2k·i-/)1l/2, the input impedance is infinite 
and the switch acts as a narrow band stop filter. Thus, for 
a wide band application, the value of Lli should make /if 
as low as possible. Moreover. for having the input 
impedance less sensitive to frequency variation, which is 
needed for the wide band operation of the switch, 7.11 
should be selected as high as possible. On the other hand, 
the large value of"Lh results in an excessive width for the 
short transmission line, and this is limited by 
technological constraints, Hence, 7" is optimized with 
IlIlemotiol/al Rel"ieU' on Modelling and Sill/lllaliolls, Vol. 2, N. ..f 
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regard to these two criteria. With these constraints, a 
reasonable value is obtained as :til '-= 90ft By using 
Equations (6) and (7), the optimum length for the SHITL 
is I 278 pm. 
111.2. ,'iimu/alion Resulfs 
The co planar waveguide of the switch, shown in Fig. 
5, is designed and simulated using the EM3DS software. 
Fig, 5. Co planar waveguide ofthc proposcd switch. 
Figs. 6-9 demonstrate the scattering parameters of the 
proposed switch consisting of the 1( circuit, and onc of 
the single switches used in the 11: circuit. 
Fig, 6 represent an excellent improvement between 3 
to 25 dB in reflection coefficient S]I in up~state position 
and in the desired frequency band which we have 
considered in our design 20-40 GHz. Due to the parasitic 
elements of the switches specially the equivalent 
inductance of the length of the single switches, the 
resonance frequency is shifted to the upper value. It is 
easily observed from Fig. 6 that if the rcsonant frequency 
shifts to lower value, which is happellcd by considering 
the parasitic elements of the single switches, there is still 
more improvement in the rdlcctioll coefficient in the up-
statc position of the switch in the desired frequency 
band. 
. ' 
,.;. ; .;: 
Fig (, Sil for up-slalc position Rcclanglilar Proposcd switch. Ball 
Single swilch wilhollt moddicalio!l 
Fig. 7 demonstrates brilliant results in insertion loss in 
the desired frequcncy band. However for very low 
frequcncy and outside of the desired frequency band, 
there is negligible increase in insertion loss as already 
expccted. It should be noted that the proposed sl,vitch is 
capacitive coupling, and in the case of DC contact 
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switches we expect more insertion loss due to contacl 
resistance. 
Fig. 8 shows the short circuit condition of the switch 
in the down~state position. In the desired frequency band, 
still there is progress in the reflection coefficient 
representing that the down~state position of the proposed 
switch moves more toward an ideal short circuit. 
:,r 4-"-'_"h_~ -··-) .. ·t., s .. 
..I. 
'I 
:1 
". 
Fig. 7. S:I for up-statc position. Rectangular: Proposcd switch. Bal!' 
Singlc $\~'itch without modilicalion 
'·1 
:1 
,! 
;l~i_~, 
• ., .... ,.,' '"0; --', .... . , .. 
Fig, 8. SII lor d{)\\1l-statc position. Rcctangular' Proposed switch. Ball 
Single switt:h wilhoutlll{)dific(.ltion 
Finally, Fig, 9 demonstrates the perfect isolatioll in the 
desired frequency band of the proposed switch in thc 
down-state position. 
, . 
': .- ... ~ > 
~ > • • 
.. 
, • ~ , > • 
Fig. 9. S:i for dO\\1l·statc position Rcctangul,1r: Propo$cd switch Ball: 
Single switch wilhout moditkati(l)1 
Overall, the overlap fi'equency which covers the 
design specifications of the proposed switch is from 21 
to 44 GHz. 
IV. Conclusion 
A number of recent technologies for lowering tbe 
actuation voltage of RF MEMS switches were reviewed. 
Inlema/jollal Rel'iew on Modefling alii! Simulations, Vol. 2, .\'. .J 
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The parameters that have more impact on the RF 
characteristics and actuation voltage of RF rvlEMS 
switches were discussed. The main objectivc of this work 
was to improve thc RF characteristics of the RF MEMS 
electrostatic capacitive coupling switch, having also low 
actuation voltage. An idea! shunt coupling capacitive 
switch in up· state position is on, and there is no obstacle 
in the way of the signal propagation. In practical switch, 
however, an unwanted capacitance between membrane 
and transmission lille exists that bypasses part of the 
signal to ground trough the membrane. This can be 
represented by scattering parameters, To overcome this 
problem, olle way is to decrease up·state capacitance COl' 
A typical method for this issue is to increase the gap and 
decrease the area of the membrane, These make atl 
excessive rise in the actuation voltage, In this work, we 
chose the gaps height in such a way to guarantee a 
desired !ife cycle, lIence, the area is calculated for the 
low actuation voltage of 9 V and then COl was calculated. 
A n match circuit was designed containing two switches 
and a piece of transmission line as inductance in between 
them for compensating the capacitance. The optimized 
value for the length and characteristic impedance of the 
short high impedance transmissioll line was calculated 
considering the desired frequency band and also 
fabrication constraints. The proposed switch was 
simulated, and the associated results demonstrate an 
excellent improvement in the RF characteristics for a 
large frequency band of more than one octave, The main 
impoliant issuc for the switch with such improved RF 
characteristics is that, sholi transmission line can be 
realized simultaneously with the bottom plate of the 
s\""itch. Therefore, the design does not require allY 
additional step in the fabrication process, offering a low 
cost fabrication, 
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